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Depletion of endogenous germ cells in tree shrews in
preparation for spermatogonial transplantation
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Abstract. To achieve successful spermatogonial transplanta-
tion, endogenous germ cells must be depleted in recipient
animals to allow donor germ cells to colonize efficiently.
Busulfan is commonly used for the depletion of endogenous
germ cells in recipient males. However, the optimal dose
of busulfan is species-specific, and the optimal dose in tree
shrews is yet to be determined. The current study aimed to
determine the optimal dose of busulfan for effective suppres-
sion of endogenous spermatogenesis in tree shrews. Different
doses (15, 20, 25, 30, 35, 40 and 45 mg/kg) of busulfan were
injected into tree shrews intraperitoneally. Survival rates of
the different treatment groups were calculated at 2 weeks
and body weights were measured at 4, 6, 8, 10 and 28 weeks
post-busulfan treatment. The testes were also removed and
weighed at 4, 6, 8, 10 and 28 weeks post-treatment, and the
cross and longitude diameters of the testes and diameters of
the seminiferous tubules were measured and histologically
evaluated. It was observed that there were no significant differ-
ences in the survival rates between the 15-35 mg/kg treatment
groups and the control group (P>0.05), while the survival
rate of the 40 mg/kg treatment group significantly decreased
relative to the control group (P<0.05) and the survival rate of
the 45 mg/kg treatment group was 0% (P<0.05 vs. control).
In addition, the weight and diameters of the testes, diameters
of the seminiferous tubules and proportion of normal type
tubules in the 40 mg/kg group significantly decreased over
4-10 weeks relative to the control group (P<0.05), though
gradually recovered with time. At 28 weeks, the recovery
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was significant relative to 4 weeks (P<0.05). Similarly, histo-
logical analysis indicted that recovery of abnormal tubules
was delayed in the 40 mg/kg group relative to the lower dose
groups as the 40 mg/kg dose tree shrews had more tubules
with no spermatogenesis compared with the lower dose group
at the same time points. These data indicate that a busulfan
dose of 40 mg/kg is optimal for the depletion of endogenous
germ cells in tree shrews. This dose led to maximum suppres-
sion of endogenous spermatogenesis while maintaining an
acceptable survival rate of >50% of the lethal dose of busulfan
for tree shrews.

Introduction

Spermatogonial transplantation has a range of applications
and may be used for numerous processes, including spermato-
genesis (1), the restoration of fertility (2) and the production
of transgenic animals (3). Donor spermatogonial stem cells
injected into recipient males colonize the seminiferous tubules
and lead to donor-derived spermatogenesis (3,4). Donor germ
cells compete with endogenous germ cells in the colonization
of stem cell niches within recipient males, and thus a relatively
larger number of donor germ cells is required for successful
colonization (5,6). The efficiency of colonization may be
improved by the elimination of endogenous germ cells within
recipient males, which promotes the successful colonization of
donor spermatogonial stem cells (7).

A number of methods are used for the depletion of endog-
enous germ cells in spermatogonial transplantation. The most
commonly used method involves an injection of busulfan.
Busulfan is a DNA-alkylating agent that may deplete germ
cells, and has been demonstrated to deplete recipient endog-
enous germ cells in rodents (8-11). However, the optimal dose
of busulfan varies between different species (12).

Tree shrews (Tupaia belangeri) are small mammals that
belong to the families Tupaiidae and Ptilocercidae. Their
natural habitats are distributed in tropical and subtropical
areas, including Thailand, Malaysia, Indonesia and Southwest
China (13). Tree shrews are considered to be useful animal
models due to their phylogenetically close relationship to
primates and possession of the typical characteristics required
of experimental animals including small body size, high
brain-to-body mass ratio, short reproductive cycle and life
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span, and low-cost of maintenance (14). Tree shrews may be
used to establish various human disease models including a
virus hepatitis model, carcinoma model, and psychosocial
stress model (15-17). More recently, a tree shrew model for
spermatogonial transplantation has been established, which
may aid in many avenues of biological research such as the
study of spermatogenesis, production of transgenic animals,
and male infertility therapy.

The optimal dose of busulfan should induce maximal
depletion of endogenous germ cells in recipient males while
maintaining an acceptable survival rate. No previous system-
atic studies have defined the optimal dose of busulfan for
experimental tree shrews. Therefore, the present study admin-
istrated different doses of busulfan to tree shrews, with the aim
of identifying the optimal dose.

Materials and methods

Animals. A total of 120 male tree shrews obtained from the
Kunming Primate Research Center (Kunming, China) were
used in the present study. The mean age was 6 months and
the mean weight was 137 g. The animals were maintained
individually in separate cages in a 12-h light-dark cycle
and constant room temperature (25-27°C; relative humidity,
50-70%) with ad libitum access to water and food. All
animals were treated in accordance with protocols for the use
of experimental animals approved by Institutional Animal
Care and Use Committee of Kunming Institute of Zoology
(Kunming, China), which complied with the Guide for the
Care and Use of Laboratory Animals, prior to the use of
animals in the current study.

Busulfan treatment. Busulfan was dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 18 mg/ml. The
solubility of busulfan in water is poor, and thus to prevent
precipitation, an equal volume of heated (37°C) double distilled
water was added to the busulfan/DMSO mix prior to injection,
yielding a final concentration of 9.0 mg/ml.

The tree shrews were randomly allocated into 7 experi-
mental groups administered with different doses of busulfan
as follows: 15 mg/kg group (n=11), 20 mg/kg group (n=15),
25 mg/kg group (n=14), 30 mg/kg group (n=19), 35 mg/kg
group (n=18), 40 mg/kg group (n=18), and 45 mg/kg group
(n=10), and one control group without busulfan treatment
(n=15). All animals were weighed prior to intraperitoneal
busulfan injection. The survival rates were calculated at
4 weeks by dividing the number of mortalities after busulfan
treatment by the total number of animals in each group. The
animals were humanely sacrificed by cervical dislocation if
pre-determined humane endpoints were observed, including
excessive weight loss, loss of ability to ambulate and inability
to reach food or water. A total of 25 tree shrews were sacri-
ficed due to the observation of humane endpoints, including
excessive weight loss, loss of ability to ambulate and inability
to reach food or water. Tree shrews were anaesthetized using
200 mg/kg ketamine (China Animal Husbandry Industry,
Co., Ltd., Beijing, China) via intramuscular injection and
sacrificed by cervical dislocation at 4, 6, 8, 10 and 28 weeks
after busulfan injection. At each time point, 2-3 tree shrews
were sacrificed.
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Histology. Following cervical dislocation, the testes were
collected and weighed. The longitudinal and cross diameters
of testes in each tree shrew were measured with calipers.
Testes then were fixed in 4% paraformaldehyde for 48 h at
room temperature. The testes were transferred to ethanol
for dehydration at room temperature using a concentration
gradient: 50% for 1 h, 70% for 1 h, 80% for 1 h, 90% for 1 h,
95% for 40 min, 100% I for 30 min, and 100% II for 30 min,
followed by treatment with xylene twice at room tempera-
ture for 1 h each to remove the ethanol. Samples were then
infiltrated and embedded in paraffin. The paraffin-embedded
samples were sectioned with a Leica microtome (Leica
Microsystems, Inc., Buffalo Grove, IL, USA) and the resulting
sections (4.5 um) were stained with hematoxylin and eosin.
Stained sections were observed using an inverted fluorescence
microscope (Olympus IX-71; Olympus Corporation, Tokyo,
Japan) and images were acquired digitally using CellSens
standard software version 1.5 (Olympus Corporation). The
diameters of 30 seminiferous tubules were measured at each
time point using a light microscope (Olympus CX31; Olympus
Corporation). The numbers of different types of tubules were
counted and their percentages were calculated.

Statistical analysis. Analyses were performed using SPSS
version 13.0 (SPSS, Inc., Chicago IL, USA). Results were
analyzed using one-way analysis of variance and a x* test and
the data were shown in mean + standard error of the mean.
Differences were considered to be statistically significant
when P<0.05.

Results

Survival rate of busulfan treatment groups. The survival rates
of tree shrews at 4 weeks after busulfan treatment (15, 20, 25,
30, 35, 40 and 45 mg/kg) are depicted in Fig. 1. A busulfan
dose of 15-35 mg/kg had no significant effect on the survival
rate of tree shrews (P>0.05 vs. control), while injection with
40 mg/kg busulfan significantly decreased survival rate
(P<0.05 vs. control), though to a moderate extent (72% in
40 mg/kg busulfan group vs. 100% in control group). However,
45 mg/kg busulfan significantly decreased survival rate to 0%
(P<0.05 vs. control), and thus was deemed to be 100% lethal.
Due to the unacceptably high mortality rate, tree shrews
treated with 45 mg/kg busulfan were omitted from subsequent
assays.

Tree shrew body weight is unaffected by busulfan treatment.
The body weight of the 40 mg/kg busulfan-treated tree shrews
and untreated controls did not differ significantly (P>0.05).
As depicted in Fig. 2, time-dependent body weight in the
40 mg/kg group did not differ significantly, relative to the
control group (P>0.05). The 40 mg/kg group exhibited an
acceptable survival rate and there was no significant change in
body weight, indicating little toxicity to tree shrews, therefore
the current study focused on the 40 mg/kg group to minimize
the suffering of animals.

Change in tree shrew testes weights and diameters following
busulfan treatment. The testicular weights of 40 mg/kg
busulfan-treated tree shrews were decreased relative to that
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of untreated tree shrews, indicating that spermatogenesis had
been suppressed. In the 40 mg/kg group, testes weight was
significantly reduced between weeks 4 and 10 post-treatment,
relative to the control group (P<0.05; Fig. 3). Between
weeks 10 and 28, testicular weight recovered almost to control
level (Fig. 3). The cross and longitudinal diameters of testes
were also measured in the 40 mg/kg group. Both diameters
were significantly decreased in the 40 mg/kg group between
weeks 4 and 10 (P<0.05), though recovered almost to control
level by week 28 (Fig. 4).

Histological changes in the tubule diameters. Using histo-
logical analysis, it was observed that the diameters of the
seminiferous tubules following 40 mg/kg busulfan treatment
were significantly decreased between weeks 4 and 10, rela-
tive to the control group (P<0.05). However, the seminiferous
tubule diameter recovered to a level similar to that observed in
the control group by week 28 (Fig. 5).

Classification of seminiferous tubules. The seminiferous
tubules were classified into three types following busulfan
treatment. Fig. 6A represents normal seminiferous tubules
with sperm (NS) obtained from untreated controls. The NS
tubule has a thick wall and a narrow lumen, and the semi-
niferous epithelium contains spermatogenic and Sertoli cells.
During the process of spermiogenesis, the spermatogenic cells
divide into sperm. Fig. 6B represents normal seminiferous
tubules without sperm (N) obtained from tree shrews 6 weeks
after injection of 20 mg/kg busulfan. The N tubules existed
in all lower dose treatment groups. The majority of N tubules
exhibited thinner walls following lower doses, <20 mg/kg, of
busulfan treatment. Fig. 6C represents abnormal seminiferous
tubules (Ab) obtained from tree shrews 4 weeks after injection
of 40 mg/kg busulfan. The majority of Ab tubules exhibited
further thinning of the tubule walls following the high-dose
(40 mg/kg) busulfan treatment.

Changes in percentages of three tubule types. The percentages
of NS, N and Ab tubules in the control and high-dose busulfan
treatment groups were subsequently determined. As depicted
in Fig. 6D, no NS tubules were observed in the testes between
4-8 weeks after 40 mg/kg busulfan treatment. However,
tubule regeneration was apparent by week 10 with NS, and Ab
exhibited 19.2, 50 and 29.8% regeneration, respectively and
by week 28, no Ab tubules were observed in the testes of the
40 mg/kg group (Fig. 6D).

Comparison of different tubule types between lower and
higher dose groups. A comparison between the different doses
of busulfan indicated that the number of Ab tubules increased
with increasing doses of busulfan (Fig. 7). Between weeks 4
and 6 post-treatment, tree shrews in the 40 mg/kg group
exhibited an increased number of non-spermatogenic tubules
when compared to groups treated with 15-35 mg/kg busulfan
at each time point. At 4 weeks post-treatment, tree shrews in
the groups treated with <20 mg/kg group exhibited only N and
NS tubules, and tree shrews in the 25 mg/kg group exhibited a
small number of Ab tubules. Results for the 20 and 25 mg/kg
groups are representative of all lower dose treatment groups.
By contrast, tree shrews in the 40 mg/kg group exhibited only
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Figure 1. Survival rates of tree shrews following administration of busulfan.
The survival rates of tree shrews treated with 15-35 mg/kg busulfan were not
significantly affected. The 40 mg/kg group exhibited a moderate decrease
in survival rate and the survival rate of 45 mg/kg group was 0%. "P<0.05
vs. control group.
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Figure 2. Changes in tree shrew body weight with time following 40 mg/kg
busulfan treatment. A 40 mg/kg dose of busulfan had no significant effect
on the body weight of tree shrews over the 28 week experimental period.
Data are expressed as the mean + standard error of the mean, n=18/group
(accounting for mortalities induced by busulfan treatment) and n=15/group

for the control group.
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Figure 3. Reduced testicular weight induced by 40 mg/kg busulfan recovered
to near control levels over time. Testes weight was significantly decreased
at 4-10 weeks after treatment with 40 mg/kg busulfan, though recovered by
28 weeks post-treatment. Data are expressed as the mean =+ standard error of
the mean, n=18/group (accounting for mortalities induced by busulfan treat-
ment) and n=15/group for the control group. “P<0.05 vs. control group.

Ab tubules (Fig. 7A-C). At 6 weeks after busulfan injection,
tubules in the 20 mg/kg group began to exhibit abnormal
morphology without sperm, and all tubules in the 25 mg/kg
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Figure 4. Reduced testicular diameters induced by 40 mg/kg busulfan recovered to near control levels over time. (A) Changes in longitudinal diameter.
(B) Changes in cross diameter. Both longitudinal and cross diameters were significantly decreased at 4-10 weeks after treatment with 40 mg/kg busulfan,
though recovered by 28 weeks post-treatment. Data are expressed as the mean + standard error of the mean, n=18/group (accounting for mortalities induced
by busulfan treatment) and n=15/group for the control group. “P<0.05 vs. control group.
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Figure 5. Diameters of the seminiferous tubules (#m) in the 40 mg/kg and
control groups. Seminiferous tubule diameters were significantly decreased
at 4-10 weeks after treatment with 40 mg/kg busulfan, though recovered to
control levels by 28 weeks. Data are expressed as the mean =+ standard error
of the mean, n=18/group (accounting for mortalities induced by busulfan
treatment) and n=15/group for the control group. "P<0.05 vs. control group.

group were damaged, with thinner walls observed. Tubules in
the 40 mg/kg group remained Ab (Fig. 7D-F).

Between weeks 10 and 28, tubule regeneration was observed
in all treatment groups, although this occurred at later time
points in the 40 mg/kg group when compared to the lower dose
groups. At 10 weeks after busulfan injection, tubules in the
25 mg/kg group exhibited partial recovery and this is observed
in all lower dose groups, while tubules in the 40 mg/kg group
remained Ab. However, tubules in the 40 mg/kg group also
exhibited partial regeneration by 28 weeks post-treatment
(Fig. 7G-I).

Discussion

Spermatogonial transplantation is used in the study of sper-
matogenesis and fertility, and in the production of transgenic
animals. Spermatogonial transplantation is similar to hemato-
poietic transplantation (18), in that both methods reintroduce
donor stem cells into a recipient lacking in endogenous stem
cells. Similar to hematopoietic stem cells, spermatogonial stem
cells divide into different sperm cell types. Due to their rapid
division rate, spermatogonial stem cells are sensitive to radia-
tion and chemotherapy, both of which target rapidly dividing

cells (12), and the stem cell system may be sufficiently restored
by transplanting a small number of stem cells (5,19-23).

Spermatogonial transplantation has been successfully
performed in numerous animal models, including mouse, rat
and monkey models (3,4,10,24,25). The tree shrew is widely
used as a feasible animal model in medical and biological
research. Thus, the present study investigated the preparation
of recipient tree shrews for spermatogonial transplantation.

Preparation of recipient animals is a key step in spermato-
gonial transplantation. No previous studies have documented
the optimal preparation of tree shrews, and thus the present
study aimed to determine whether the depletion of endogenous
germ cells was effective in the preparation of recipient tree
shrews. In the present study, tree shrews were injected with
busulfan to produce sterile recipients. Previous results have
demonstrated that low doses of busulfan were insufficient in
recipient animals, due to a rapid recovery in fertility and inher-
itance of the recipient genotype in descendants (3). However,
higher doses of busulfan have been associated with increased
damage in the form of thinner walls and a reduced sperm count
and mortality in animals (26). Therefore, the optimal dose of
busulfan dose should induce complete depletion of endog-
enous germ cells in the recipient while causing little harm
to the testes and overall health, thus allowing restoration of
spermatogenesis after spermatogonial transplantation. As the
optimal dose of busulfan varies between different species, the
present study aimed to identify the optimal dose of busulfan
for the preparation of recipient tree shrews.

The present study demonstrated that busulfan treatment in
tree shrews was an effective method of preparing recipient tree
shrews for spermatogonial transplantation. In addition, the
optimal dose of busulfan for the preparation of recipient tree
shrews was identified over a 28-week period. It was observed
that tree shrews in the 15-35 mg/kg group had a mortality rate
of ~10%. Meanwhile, a mortality rate of 30% was observed in
the 40 mg/kg group. This was lower than the 50% mortality
rate defined as the lethal dose rate for tree shrews (27). All
tree shrews injected with 45 mg/kg busulfan succumbed,
suggesting that the high busulfan dose exerted acute toxic
effects. As tree shrews generally succumbed within the first
week of busulfan treatment, their mortality was considered to
be a direct result of busulfan treatment.
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Figure 6. Histological analysis of seminiferous tubule types after 40 mg/kg busulfan treatment. (A) NS seminiferous tubules obtained from normal tree shrews
in control group (n=15). The box indicates thickened wall, the arrowhead indicates narrow lumen, the arrow indicates spermatogenic/sertoli cells (magnifica-
tion, x20; scale bar, 50 gm). (B) N seminiferous tubules obtained from tree shrews 6 weeks after treatment with 20 mg/kg busulfan (n=15). The arrow indicates
the thinner tubule walls (magnification, x20; scale bar, 50 #m). (C) Ab seminiferous tubules obtained from tree shrews 4 weeks after treatment with 40 mg/kg
busulfan (n=10). The arrow indicates the thinner tubule walls (magnification, x20; scale bar, 50 ym). (D) Percentage of tubule types in the 40 mg/kg and
control groups. The change in percentage of the three tubule types indicated that the seminiferous regenerated with time after 40 mg/kg busulfan treatment.
NS, normal seminiferous tubules with sperm; N, normal seminiferous tubules without sperm; Ab, abnormal seminiferous tubules.

Figure 7. Comparison of spermatogenesis recovery between the different busulfan treatment groups. Representative images of the testes at 4 weeks after
treatment with (A) 20 mg/kg (n=15; magnification, x20; scale bar, 50 ym) (B) 25 mg/kg (n=14; magnification, x20; scale bar, 50 ym) and (C) 40 mg/kg
busulfan (n=10; magnification, x10; scale bar, 100 ym). Representative images of the testes at 6 weeks after treatment with (D) 20 mg/kg (n=15; magnification,
x20; scale bar, 50 ym), (E) 25 mg/kg (n=14; magnification, x20; scale bar, 50 ym) and (F) 40 mg/kg busulfan (n=10; magnification, x10; scale bar, 100 ym).
Representative images of the testes at 10 weeks after treatment with (G) 25 mg/kg (n=14; magnification, x10; scale bar, 100 ym) and (H) 40 mg/kg busulfan
(n=10; magnification, x10; scale bar, 100 x#m). (I) Representative image of the testes at 28 weeks after treatment with 40 mg/kg busulfan (n=10; magnification,
x10; scale bar, 100 zm). Regeneration occurred later in the 40 mg/kg group relative to the lower dose groups.
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The effects of 40 mg/kg busulfan on body weight were
not significant, relative to untreated controls. However,
the weight and size of the testes were affected by busulfan.
Notably, significant decreases were observed in the weight
and size of the testes in the 40 mg/kg group up to 10 weeks
after busulfan treatment, indicating that spermatogenesis had
been suppressed. However, by 28 weeks, the weight and size
of the testes recovered to near control levels, indicating that
spermatogenesis recovered in a time-dependent manner.

Histological analysis indicated that the majority of semi-
niferous tubules were Ab in the 40 mg/kg dose group at
4-8 weeks after busulfan treatment. This indicated that within
8 weeks of the 40 mg/kg busulfan injection, restoration of sper-
matogenesis was limited. This indicates that treatment with
40 mg/kg busulfan may provide sufficient time for donor stem
cells to successfully colonize within recipient animals. Thus,
40 mg/kg busulfan may be the optimal dose for the preparation
of recipient tree shrews. At this dosage, the morality rate of
tree shrews was acceptable, and a suitable microenvironment
for transplantation was maintained for a sufficiently longer
time period, which would allow donor germ cells to effectively
colonize within recipient tree shrews.

Previous results indicate that treatment with busulfan
induces only temporary and reversible damage to the testes (28).
Similarly, the testes measurements and histological evaluation
conducted in the current study indicated that the process of
spermatogenesis had been reversibly damaged. Comparison of
the different doses of busulfan also indicated that recovery of
spermatogenesis was dose-dependent, as tree shrews admin-
istrated with a higher dose of busulfan (40 mg/kg) required a
longer recover period. In addition, restoration of endogenous
spermatogenesis in tree shrews following higher dose busulfan
treatment indicated that the environment of the testes was not
permanently damaged.

In conclusion, the present study demonstrated that busulfan
treatment was a feasible method of preparing recipient tree
shrews for spermatogonial transplantation. Combined with
other transplantation techniques, busulfan administration may
be a useful technique in the study of spermatogenesis and other
related topics including the production of transgenic animals
and male infertility therapies in tree shrew models.
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